
Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
JAN 2001 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2001 to 00-00-2001  

4. TITLE AND SUBTITLE 
Resonant interband tunnel diodes with AlGaSb barriers 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Research Laboratory,4555 Overlook Avenue 
SW,Washington,DC,20375 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

3 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 10 15 MAY 2001
Resonant interband tunnel diodes with AlGaSb barriers
R. Magno,a) A. S. Bracker, and B. R. Bennett
Naval Research Laboratory, Washington, DC 20375-5347

~Received 2 January 2001; accepted for publication 26 February 2001!

The peak current density of InAs/AlSb/GaSb/AlSb/InAs resonant interband tunneling diodes has
been enhanced by replacing the AlSb barriers with Al12xGaxSb that has a narrower band gap. The
devices were grown by molecular beam epitaxy and tested at room temperature. Diodes with
nominally identical 7-ML-thick ternary alloy barriers withx50.35 are found to have peak current
densities three times larger than those with AlSb barriers. The peak-to-valley current ratio decreases
by only one third from 18 for the AlSb diodes to 12 for diodes with the ternary alloy barriers.
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Resonant interband tunneling diodes~RITDs! in the
InAs/AlSb/GaSb materials system1 are of interest for appli-
cations in highly functional, low power logic circuits capab
of operating at frequencies approaching 100 GHz.2–4 Be-
cause the negative resistance peak occurs near 100 me
this material system, it may be possible to produce lo
circuits with lower power consumption than those made w
other material systems.2 High speed applications require d
odes with a peak current density,I p , in the range of
105 A/cm2 and a large peak-to-valley current ratio~P/V! to
minimize power dissipation. This communication reports
an experimental test of the use of Al12xGaxSb alloy barriers,
which enhance the peak current densities of RITDs. The
sociated changes in the valley current are also discussed
large increase in the peak current is of little use if it is a
companied by a large increase in the valley current.

The inset in Fig. 1~a! illustrates the material and ban
structure of a RITD. Starting at the right and left sides of t
diagram are the narrow band gap InAs electrodes. Ins
these layers are wide band gap AlSb tunnel barriers,
finally inside the barriers is a GaSb well. An electron in t
conduction band~CB! of an InAs electrode tunnels throug
the band gap of an AlSb barrier into the valence band~VB!
of the GaSb well, through the second AlSb barrier into
CB of the other InAs electrode. This band structure result
high peak current densities, and large peak-to-valley cur
ratios at biases near 100 meV at room temperature.

The tunneling barrier thickness and barrier height
key parameters in determiningI p in tunnel diodes, and for
RITDs with 3 ML AlSb barriersI p is near 43104 A/cm2.
The factors determining the P/V ratio are not as well und
stood, but P/V'8 is typical for RITDs with 3 ML AlSb
barriers.5–10 Higher current densities are expected with th
ner barriers asI p increases exponentially with decreasi
barrier thickness. Simply decreasing the barrier thickness
comes problematic in terms of reproducibility from grow
to growth and across a wafer in one growth as the bar
thickness approaches 3 ML or less. An alternate and as
not experimentally explored approach to increasingI p is to
reduce the barrier height by using Al12xGaxSb alloy barriers

a!Electronic mail: Magno@bloch.nrl.navy.mil
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that have a narrower band gap than AlSb. This appro
offers the possibility of obtaining high current densities w
thicker barriers that are easier to grow with a high degree
reproducibility.

Lapushkin, Zakharova, and Gergel, in a theoretical
ticle on interband tunneling, predicted that improvements
I p could be obtained by using Al12xGaxSb alloys rather than
AlSb for the barriers.11 The theory predicts that a diode wit
25-Å-thick alloy barriers withx50.4 and a 65 Å well will
have I p523104 A/cm2 and P/V520 at room temperature
The theory also predictsI p523103 A/cm2 and P/V59 for
the same geometry with AlSb barriers. These numbers s
gest that a factor of 20 increase inI p and a doubling of the
P/V ratio may be obtained by using alloy barriers. The p
dictions listed above for a diode with AlSb barriers compa
well with values ofI p51.33103 A/cm2 and P/V518 mea-
sured by us for a device with 8 ML~24 Å! AlSb barriers, and
a 27 ML ~81 Å! GaSb well. Alloy barriers also offer a too
for checking the validity of this and other tunnelin
models.11–16 By varying the Ga content in the barrier it i
possible to move both the conduction and valence b
edges in the barrier relative to the band edges of the In
electrodes and GaSb well.

The use of Al12xGaxSb has an additional advantage ov
AlSb, as it is more closely lattice matched to the GaSb a
InAs used in the diodes. This could have a positive effect
the P/V ratio by reducing the number of strain-induced d
fects that are likely to increase the valley current.8,10

Some preliminary work exploring the use of Al12xInxSb
barriers is also presented. Al12xInxSb alloy barriers also
have a narrower band gap than AlSb, and their use is
pected to increaseI p , but the experiments need to be done
determine the amount of improvement. Al12xInxSb barriers
will have a larger lattice mismatch than AlSb barriers w
the other components of the diodes, and the additional st
is expected to make it more difficult to grow barriers free
defects that add to the valley current.

The diodes examined here were grown by molecu
beam epitaxy on InAs substrates. A buffer layer consisting
1 mm of n1 InAs ~331018 Si cm23! was grown first. The
RITD structure, as illustrated by the inset in Fig. 1~a!, con-
sists of a pair of nominally identical Al12xGaxSb barriers
1

AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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5792 J. Appl. Phys., Vol. 89, No. 10, 15 May 2001 Magno, Bracker, and Bennett
sandwiching a 27 ML GaSb well. The InAs 40 ML~12 nm!
layers adjacent to both AlSb barriers were undoped, and
next 30 nm InAs layers away from the barriers were dop
with 131017 Si cm23. Finally, a 200 nm layer of 331018 Si
cm23 InAs was grown on top of the RITD. Growth proce
dures were used to form InSb interface bonds at the In
AlSb interfaces. Reflection high-energy electron diffracti
~RHEED! measurements were used to calibrate growth ra
in order to determine the thicknesses of the RITD laye
Sample temperatures during growth were 400 °C. The t
perature was monitored by a thermocouple, calibrated by
serving the InAs (234)→(432) transition in RHEED. The
temperature of the Ga and Al sources were set to hav
barrier growth rate of 0.5 ML/s. As only one Ga source w
used, this set the growth rate for the GaSb well, but this
not expected to have a significant impact. Standard pho
thography techniques were used to pattern Ti/Pt/Au oh
contacts with diameters ranging from 2 to 50mm. Mesas
were formed by using the ohmic contacts as the etch sto
a wet etching process. Current–voltage (I –V) measurements
were made at room temperature by tensioning a fine g
wire point contact against the ohmic contact. In the d
plots, ‘‘positive bias’’ means the top of the mesa is bias
positively with respect to the substrate. The data repre
average values for several mesas measured on a chip.

The current densities and P/V ratios for a series
samples with nominally identical top and bottom barrie
either 7 or 10 ML thick are shown in Figs. 1 and 2, resp
tively. Data for both bias polarities are presented, as the
ferences are useful in evaluating the growth procedures
may result in barrier roughness17 and Ga segregation17 phe-
nomena. In both figures the peak current density increase
almost a factor of 3 with increasingx, although the threefold
increase occurs at a smaller Ga concentration for the 10
sample compared to the 7 ML one. The current has a thr
old nearx'0.1 where it begins to increase for the 7 M

FIG. 1. ~a! Dependence of the peak current density on the Ga fraction
samples with nominally identical 7-ML-thick Al12xGaxSb barriers,~b! P/V
ratio for the samples. The inset in~a! indicates the conduction band, CB
valence band, VB, and Fermi energy,EF , of an interband tunnel diode.
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data, while no threshold is found for the 10 ML data. T
peak currents are slightly asymmetric with the negative b
peak currents being larger than the positive bias except
the 7 ML data atx50.35 where the asymmetry in the pea
currents changes with the positive bias current becom
larger than the negative bias current. These asymmetrie
dicate a higher tunneling probability for one barrier com
pared to the other due to differences in the growth ev
though an effort was made to make them identical.

The peak-to-valley current ratios for the 7 and 10 M
samples exhibit different behavior as the Ga fraction in
barrier increases. P/V increases with increasingx for the 10
ML samples, while it is constant for the 7 ML samples f
x<0.1 and decreases for larger values ofx. The most signifi-
cant difference occurs in the 7 ML P/V data forx<0.1 where
P/V'20 for negative bias and 16 for positive. Nearx'0.1
the P/V ratio converges and decreases linearly reach
about 12 atx50.35 with the negative bias ratio being th
larger one. It is important to note that while the peak curr
density increases by almost a factor of 3, the P/V ratio o
decreases by about one third to 12 for the 7 ML samp
This is still a reasonably large value. It is not understo
why P/V increased for the 10 ML data but decreased for
7 ML data. As noted above, for a diode similar to the 7 M
one reported here, the model by Lapushkin and co-work
predicts twofold improvement in P/V on going fromx50 to
x50.4.11 The thickness dependence of the P/V ratio for
odes with AlSb barriers has a maximum near 7 ML sugge
ing that the mechanism that dominates the valley current
thick barriers is different from the one that dominates
thin barriers.8

Some results for Al12xInxSb barrier devices are show
in Fig. 3. The asymmetry in theI –V reflects the fact that the
bottom barrier in this device is 7 ML of AlSb and the top on
is 7 ML of Al0.8In0.2Sb. The In alloy was only used for th
top barrier as the InSb lattice constant is larger than the In

r
FIG. 2. ~a! Dependence of the peak current density on the Ga fraction
samples with nominally identical 10-ML-thick Al12xGaxSb barriers,~b! P/V
ratio for the samples. The lines are guides to the eye.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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lattice constant and using the alloy in the lower barrier m
have introduced undesirable strain effects resulting in def
in the RITD layers. To judge the effect of the Al0.8In0.2Sb, a
sample with nominally identical 7 ML AlSb barriers and on
with a 7 ML AlSb bottom barrier and a 7 ML Al0.7Ga0.3Sb
top barrier are also shown in Fig. 3. Table I contains a co
parison of the peak current densities and P/V ratios for
three samples. The most significant increase in current
both alloy barriers is found for negative bias withI p for the
Al0.8In0.2Sb diode almost as large as that found for the 3
Ga one. The positive bias peak current for the In alloy bar
is somewhat larger than the current for the AlSb cont
sample. This is different from behavior found for the G
alloy barrier, which has nearly the same peak current as
AlSb barrier device. The negative bias P/V ratio for the
alloy barrier is comparable to that for the Ga alloy barrier b
somewhat lower than that for the AlSb diode. These res
suggest that Al12xInxSb barriers may also offer a means

FIG. 3. Comparison of theI –V for three samples with similar 7 ML AlSb
bottom barriers, and with top barriers of either AlSb~solid line! or
Al0.8In0.2Sb ~long dashed line! or Al0.7Ga0.3Sb ~short dashed line!.

TABLE I. Peak current densities,I p , and P/V ratios for negative,2, and
positive,1, bias for samples shown in Fig. 3.

Top barrier P/V2 I p2 ~kA/cm2! P/V1 I p1 ~kA/cm2!

AlSb 17.9 2 13.5 1.5
Al0.8In0.2Sb 15.6 3.4 12.7 1.9
Al0.7Ga0.3Sb 15.6 3.9 15 1.4
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achieving higher peak current densities with acceptable
ley currents.

In summary, Al12xGaxSb has been used to replace wid
band gap AlSb barriers in InAs/GaSb/AlSb interband tunn
ing diodes. The use of these narrow band gap alloys
resulted in a threefold increase in the peak current den
compared to diodes with AlSb barriers. The threefold curr
improvement is obtained atx50.35 for diodes with 7 ML
alloy barriers and at the smaller value ofx50.2 for diodes
with 10 ML barriers. The P/V ratio for the 7 ML alloy de
vices decreased to 12, which is still a reasonable value
possible applications. Interestingly, the P/V increased w
increasing Ga concentration in the 10 ML diodes. Prelim
nary results have demonstrated the possibility of us
Al12xInxSb barriers.
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